The commonly used γ-ray measurement method employs a technique to transmit scintillation light to a photo-multiplier tube (PMT) via an optical fiber. However, it is said that the light transmission efficiency in this technique reduces significantly depending on the transmission properties, particularly on the critical angle of the optical fiber. The light entering the optical fiber from all directions, such as scintillation light, is not suitable for the optical fiber transmission. As most of the incident light escapes from the fiber, the use of optical fibers results in a significant loss of light. We performed experiments and Monte Carlo simulations to examine the extent of decrease in the light transmission efficiency of a discrete γ-ray detector, which uses optical fibers for the connection of PMT with scintillator, relative to an integrated γ-ray detector, which connects PMT directly with scintillator. We also examined the effect of the reflection and connection materials on the light transmission efficiency. The results show that in improving the light transmission efficiency, it is significant to apply specular or diffuse reflectors appropriately to the side and bottom surfaces of the scintillator, and also to provide space (air layer) between the output surface of the scintillator and the input surface of the optical fiber without using grease.
BACKGROUND OF THE STUDY
The light entering the optical fiber from all directions, such as scintillation light, is not suitable for the optical fiber transmission. As most of the incident light escapes from the fiber, the use of optical fibers results in a significant loss of light. The light loss is estimated to be almost 90%. 1, 2) If the light loss is lessened, the weakness of optical fiber transmission can be eliminated. Thus we performed experiments and simulations to evaluate the effects of using an optical fiber to transmit light from the scintillator to the PMT in detecting an annihilation γ-ray using an LSO scintillator. Figure 1 shows the configuration of the experimental setup. 22 Na, LSO (7 mm dia. x 20 mm thick) and HAMAMATSU_H3378-51 were used as positron source, scintillator and PMT, respectively. In Case 1, the scintillator was optically connected to the PMT with grease. In Case 2, a light guide was placed between the scintillator and the PMT. The light guide was a PUNEUM polymer light guide, with 0.63 as NA (the number of apertures). Energy spectrum was measured for Cases 1 and Case 2, and the relative intensity of light was obtained by comparing the peak values of the photopeak (511 keV) of the annihilation γ-ray. To briefly explain about specular reflection and diffuse reflection (the detailed explanation provi ded later), the former is the reflection of light at the same angle as the incident angle, while the la tter is the reflection of light at all angles regardless of the incident angle. Diffuse reflectors are us ually white objects. 
EXPERIMENT 1: EVALUATION OF REFLECTION MATERIAL PROPERTIES

Materials And Methods
Results
We obtained the results that indicated the effect of the properties of diffuse or specular reflectors on the transmission rate of the light. Taking notice on this refractive index of Teflon and TiO 2 as another important property than reflectivity, we performed calculations taking the effect of this into account.
Discussion
A simulation was performed to discuss the experimental results, using a mathematical model for the experiment. In the simulation, the experimental results were reproduced and the characteristic s of a hypothetical experimental system were studied.
Summary of the simulation
We simulated the phenomena that occur in the process from γ-ray detection by the scintillator to the transmission of scintillation light to the PMT. There are tw o types of reflection, diffuse and specular. In specular reflection, light is reflected at the same ang le as the incident angle against the reflecting surface. In diffuse reflection, light is reflected in all directions regardless of the incident angle. Lambert's cosine law was used for diffuse reflection.
When the diffuse reflector was used, probably Fresnel reflection would have occurred due to the difference in refraction index between the reflector and the scintillator. Therefore, a thin layer (about 0.1 mm thick) to represent the refractive index of the reflector was placed in front of the Lambert surface and to cause Fresnel reflection on the surface of the layer.
In the simulation study, the direction of emission at the light emitting point, the direction of refle ction and the loss by reflection were determined by the Monte Carlo method, using Excel macro programming.
Simulation conditions
The simulation used a scintillator size of 7 mm dia. x 20 mm thick, and a reflector reflectivity of 98 %, 92.5 % and 80% for Teflon, TiO 2 and Al models, respectively. A refractive index of 1.35, 2.5 and 2.5 was used for Teflon, TiO 2 and Al models, respectively. A refractive index of 1.82, 1.40, 1.48 and 1.35 was used for the scintillator, the grease, the light guide core and the light guide clad, respectively.
However, in a calculation with the thin layer (about 0.1 mm thick) representing the refractive index of the reflector, light may have been reflected several times within the layer, and consequently may have entered the Lambert surface with a certain probability, causing a decrease in apparent reflectivity. In order to perform a general evaluation of reflection characteristics, a correction was made to calculate multiple reflections within the layer as one reflection. Statistical results were obtained from a calculation of 100,000 photons. This disagreement is probably due to the fact that the reflector reflectivity used in the calculation was not a measured value. Also, it is necessary to examine how close the reflectivity in the air is to that in the crystal. The relative values for Case 2 to those for Case 1 are larger than the experimental results, the reason for which is to be discussed later. 
Calculation results
EXPERIMENT 2: EFFECT OF OPTICAL CONNECTION MATERIALS
Materials and method
The light output was measured for Case 1 and Case 2, with/without an optical connection material. The basic measurement configuration was the same as in Fig. 1 . The light intensity was compared between the two cases with/without grease on the optical connection surface. Table IV shows the measurement results. The values in parentheses are the results for the case with grease (Case 1). Comparison between the cases with/without grease shows that the light output decreased for all reflectors in Case 1, while in Case 2 without grease, it increased from 11.0 to 14.7 for Teflon (by 34 %) and from 13.9 to 16.3 for TiO 2 (by 17%). This shows that when a diffuse reflector is used, the results of light output were better without grease than with grease. 
Results
A simulation was performed in the same manner with Table III , which showed similar trends to the experimental results. 
Discussion
The improvement of the transmission rate by using a diffuse reflector can be explained as follows. For scintillators with a high refractive index such as LSO scintillators, total reflection based on Fresnel formula occurs on the output surface of the scintillator, restricting the incident angle of the optical fiber. Using grease as an optical connection material gives a wider incident angles for the light to reach the light-receiving surface of the optical fiber than having an air layer. Therefore, the light entering the optical fiber increases when the grease is used. However, the light entering the optical fiber at a large angle is not necessarily transmitted through the optical fiber with the total reflection conditions retained.
If an air layer is used as an optical connection, the light that has reached the output surface of the scintillator at a large angle repeats reflecting inside the scintillator, without entering the optical fiber. Then it reaches the output surface again at a different incident angle by the diffuse reflector. Thus the diffuse reflection in the scintillator changes the light directions, contributing to reducing the light loss in the light guide, which consequently improved the transmission rate. Whereas in a specular reflector, this does not occur because the light retains the same incident angle even if it repeats reflection.
CONCLUSIONS
We evaluated the effect of reflector properties by experiment and simulation. It was found that reflection properties of the reflector, as well as the relative refractive index of the scintillator and the reflector, affect the light output. The simulation also showed that no use of grease for optical connection is effective in optical fiber transmission if diffuse reflectors are used.
